INTRODUCTION
============

Since the first reported case of coronavirus disease (COVID-19) in China on December 31, 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected 5,592,890 people and killed 353,334 people worldwide as of May 28, 2020, according to the World Health Organization (WHO) \[[@B1]\]. In the last 3 -- 4 months, there has been an overflow of scientific and non-scientific information on SARS-CoV-2 and COVID-19. The relationship between age and COVID-19-associated morbidity or mortality has also been addressed among health professionals and the general population. The surge of infected patients beyond the limits of medical systems has raised social concerns on whether age should be considered in determining treatment intensity \[[@B2]\]. The perception that young people\'s morbid condition is relatively less severe also lowered their awareness of preventing infection in some regions.

One of the most critical issues dealt by clinical and public health professionals during the pandemic is the spectrum of illness severity. This affects the triage, diagnostic and therapeutic decision making, and prognostic expectations; therefore, understanding COVID-19-associated morbidity and mortality according to age is important. However, the data published in each country are inconsistent because of multiple reasons such as different populations, extent of available laboratory tests, and medical systems. Hence, we reviewed COVID-19 epidemiology data published from several countries to identify any consistent trends in the relationship between age and COVID-19-associated morbidity or mortality. We also reviewed the literature for studies explaining the difference in the host response to SARS-CoV-2 infection according to age.

COVID-19-associated morbidity and mortality according to age
============================================================

COVID-19 fatality rates vary significantly depending on the country; it was 0.06% in Qatar and 16.25% in Belgium as of May 26, 2020 \[[@B3]\]. This variation in fatality rates may be due to differences in healthcare adequacy and/or epidemiological characteristics of patients; the frequency of diagnostic screening in asymptomatic or mildly symptomatic patients may also influence the rate \[[@B4]\]. However, there is a consistent and clear pattern of an age-based exponential increase in fatality rate, regardless of the geographic region. According to the Korea Centers for Disease Control and Prevention, the overall case fatality rate (CFR) was 2.37% in 11,344 patients with confirmed cases on May 28, 2020, but it was much higher in the elderly (10.9% in patients aged 70 -- 79 years and 26.6% in patients ≥80 years) \[[@B5]\]. In another analysis of 44,672 cases in China diagnosed as of February 11, 2020, the overall CFR was 2.3%. However, the CFR was 8.0% in patients aged 70 -- 79 years and 14.8% in patients aged ≥80 years \[[@B6]\]. In the report released by the Higher Institute of Health of Italy, the overall CFR on March 26, 2020, was 9.2%, which was four times higher than that in Korea or China; however, the pattern of increasing fatality with age was similar to that in Korea and China. The CFR was \<1% in the age group of \<50 years and rapidly increased in the age group of ≥60 years, reaching 16.9% and 24.4% in the age group of 70 -- 79 years and ≥80 years, respectively ([Fig. 1A](#F1){ref-type="fig"}) \[[@B7]\]. In terms of death per 100,000 individuals in the population (as of May 11, 2020, data from the New York City Department of Health and Mental Hygiene, and as of May 8, 2020, data from the Office for National Statistics of United Kingdom), clear patterns of age-based exponential increase in fatality has been observed ([Fig. 1B](#F1){ref-type="fig"}) \[[@B8][@B9]\].

![Age-related risk of death from coronavirus disease (COVID-19), influenza, and overall causes. (A) Case fatality rate (CFR, death/laboratory confirmed cases) of COVID-19 in China, Korea (accumulated data until May 10, 2020), and Italy (as of March 26, 2020). (B) Death per 100,000 from COVID-19 in New York City (as of May 11, 2020) and United Kingdom (as of May 8, 2020). (C) Death per 100,000 from influenza and pneumonia in interpandemic years (dashed line 1911 - 1917) and pandemic year (solid line 1918) in the United Sates. Adapted from Taubenberger et al \[[@B10]\]. (D) All-cause mortality and cardiovascular mortality (death per 100,000) according to age in Korea, 2018. Data were extracted from "Cause-of-death statistics in 2018," released by Statistics Korea \[[@B15]\].](ic-52-154-g001){#F1}

Influenza, the most commonly reported pandemic disease in human history, had a W-shaped mortality distribution during the pandemic ([Fig. 1C](#F1){ref-type="fig"}) \[[@B10][@B11]\]. This atypical pattern of mortality with an elevated relative or absolute risk of death in middle-age groups is usually explained by differences in age-related susceptibility to infection, affected by pre-existing age-related immunity \[[@B11]\]. As SARS-CoV-2 is a novel virus introduced to human, this type of mortality distribution is unlikely to be expected. However, the age-related pattern of COVID-19 fatality differs from that of other respiratory viral infections, wherein the severity pattern is often described as a U-shaped curve, with morbidity and mortality concentrated at extreme age groups (younger children and the elderly). Population-based studies of seasonal influenza have typically shown this type of mortality distribution according to age ([Fig. 1C](#F1){ref-type="fig"}) \[[@B12]\]. Several cohort studies have shown that the hospitalization rate of influenza was highest for the age group of 0 -- 4 years compared to that in other age groups, which indicates that children under the age of 5 years could be more vulnerable to influenza and/or more severely affected \[[@B13][@B14]\]. As the hospitalization fatality rate was relatively low for the age group of 0 -- 4 years \[[@B13][@B14]\], the mortality curve based on 100,000 individuals showed a much smaller peak in this age group than in the elderly age group. However, this type of mortality peak has not been observed thus far in children affected with COVID-19, which suggests that children could be less susceptible to the infection or experience less severe symptoms and have a low CFR.

The dynamics of age-specific mortality for COVID-19 is relatively familiar because they mirror other major causes of mortality, especially chronic diseases such as cardiovascular disease ([Fig. 1D](#F1){ref-type="fig"}) \[[@B15]\]. Promislow et al. have shown that the mortality rate doubling time (MRDT) of all-cause mortality (9 years) in the United States was approximately the same as that of COVID-19 reported in the New York City \[[@B16]\]. In other words, the increasing case fatality or mortality rate with age is not a specific finding for COVID-19. However, many scientists and media have paid considerable attention to age as a risk factor for mortality in COVID-19. This might be due to the surge of infected patients within a short period; hence, the death pattern --- high mortality in older people --- became more apparent.

Investigating the susceptibility to infection, unlike mortality or case fatality, in the general population is more complicated because mildly symptomatic or asymptomatic patients may not have been tested and there is an uneven chance of being exposed to the source of infection depending on the groups (closure of child care facilities, preschools, and schools *vs*. non-closure of long-term care facilities). The case rate of COVID-19 by age has been reported to have wide regional variability. According to New York City data (as of May 11, 2020), the CFR of COVID-19 in the general population (cases per 100,000) seemed to increase with age ([Fig. 2A](#F2){ref-type="fig"}) \[[@B8]\]. Contrarily, in Korea (as of May 10, 2020), where diagnostic tests were performed intensely in groups associated with certain religious gatherings, regardless of any symptoms, the CFR seemed to be highest in the 20 -- 29-years age group ([Fig. 2B](#F2){ref-type="fig"}) \[[@B5]\]. Natale *et al*. have compared the relative illness ratio (RIR) by age between different countries ([Fig. 3](#F3){ref-type="fig"}) \[[@B17]\]. In their study, as of Mar 30, 2020, the RIR in Spain and Italy increased with age, while in China and Korea \[[@B18]\], middle or younger age groups seemed to have a higher RIR. This could be explained by more extensive testing performed in China and Korea than in other countries, which would help to better measure the morbidity among young age groups. In Italy and New York City, where there was a surge in the number of COVID-19 patients in a short period, it is likely that the viral test was performed first in individuals with more apparent or severe symptoms, while asymptomatic or mildly symptomatic patients were not tested. Overall, these findings suggest that susceptibility to symptomatic infection seems to increase with age, but susceptibility to infection is probably similar among different age groups.

![Case rate (cases per 100,000) of COVID-19 according to age in different regions. (A) New York City (as of May 11, 2020). (B) Korea (as of May 10, 2020).](ic-52-154-g002){#F2}

![Relative illness ratio by 5-year age groups. Relative Illness Ratio (RIR) is a measure of morbidity calculated according to the following formula as the share of COVID-19 cases in each age group with regard to the total number of morbidity cases divided by the share of the population in the same age group. $RIRi  =  \frac{\left( C{covid}_{i}/{\sum\limits_{i}\left. C{covid}_{i} \right)} \right.}{\left( \frac{P_{i}}{\sum\limits_{i}P_{i}} \right)}$, where COVID is the estimated number of cases of COVID-19 in age group *ἰ,* and *P* is the population in the same age group. A value above 1 indicates that there is a higher proportion of cases in the age group relative to other age groups, after considering differences in the size of the population. Adapted from Natale *et al.* \[[@B17]\].](ic-52-154-g003){#F3}

COVID-19 in the elderly
=======================

Among COVID-19 patients, elderly patients have a higher mortality rate due to high CFR and symptomatic infection rate. Approximately 80% and 90% of deaths have occurred in patients aged \>70 years and ≥60 years in Korea and Italy, respectively \[[@B5][@B7]\]. A similar pattern was observed in other countries affected by COVID-19. Several studies have reported old age to be a significant risk factor for COVID-19 mortality \[[@B19][@B20]\]. Age also affects the time from hospitalization to death and viral clearance \[[@B21][@B22]\]. In an animal study, SARS-CoV-2 caused more severe interstitial pneumonia and viral replication in lung tissues of old monkeys than in those of young monkeys \[[@B23]\].

In immunopathology, vulnerability to an infection in the elderly is usually explained by immunosenescence \[[@B24]\]. Immunosenescence is quite complicated. Briefly, in old age, the production of naïve T and B cells decreases, and the function of innate immune cells is impaired; hence, cells involved in the innate immunity do not get activated efficiently during an infection, and progression to an adaptive immune response does not occur in a coordinated manner \[[@B24]\]. These changes reduce the effectiveness of viral clearance and increase the likelihood of triggering a dysregulated immune response in which cytokines are released extensively by activated immune cells, resulting in a cytokine storm \[[@B25]\]. Another well-recognized feature of aging immunity is chronic subclinical systemic inflammation, also known as inflammaging. Inflammation is a key pathogenic mechanism in COVID-19; hence, inflammaging has been estimated to contribute to the poorer outcome in elderly patients with COVID-19 \[[@B26]\].

Some scientists have claimed that the biologically plausible pathomechanism explaining the difference in vulnerability to SARS-CoV-2 infection involves the so-called antibody-dependent enhancement (ADE) \[[@B27][@B28][@B29][@B30]\]. ADE is a well-known cascade of events by which viruses may infect susceptible cells through interactions between virions complexed with antibodies and Fc receptors, where they are more extensively endocytosed and eventually replicated more efficiently \[[@B31]\]. The antibodies that bind to virions could be neutralizing or non-neutralizing antibodies, which were previously formed in response to SARS-CoV-2 or other coronaviruses with similar antigenicity to that of SARS-CoV-2. The fact that the seroprevalence of community-acquired coronaviruses among adults was very high (90 -- 100%) \[[@B32]\] but not in pediatrics was presented as an evidence \[[@B33]\].

In addition to the aging immunity or ADE, there are several other factors related to aging that could be reasons for higher mortality and morbidity in the elderly. The average number of comorbid conditions steadily increased with age. According to Liu et al., elderly COVID-19 patients had a significantly higher performance score than young and middle-aged patients \[[@B34]\]. In addition, older adults living in long-term care facilities are at the highest risk because of their chronic illness and the impact of congregate housing \[[@B35]\].

COVID-19 in children
====================

Based on published data, SARS-CoV-2 infection seems to affect children less frequently and less severely than adults. According to the data published from different regions, the proportion of children among COVID-19 patients was quite low (2.1 -- 2.4% in China, 1.3% in Italy, 2.8% in Australia, and 7.0% in Korea) \[[@B5][@B6][@B7][@B36][@B37]\]. In the largest pediatric study to date that analyzed 2,143 children infected with SARS-CoV-2, 5.8% children showed severe and critical illness \[[@B38]\]. Contrary to the pediatric study, 18.5% patients were severe and critical among all age groups in an analysis of 44,672 Chinese cases with COVID-19 \[[@B6]\]. Among children, Dong *et al*. found that infants were relatively more vulnerable to SARS-CoV-2 infection, and the proportion of severe and critical cases was 10.7% \[[@B38]\]. However, because the study also included suspected cases (not laboratory confirmed cases, 65.9% of study population), the possibility of pathogens other than SARS-CoV-2 responsible for such clinical observations remains controversial. In other studies, even though very small number of cases was reported, a severe outcome in infants was not observed \[[@B39][@B40][@B41]\]. Although these findings were not similar to the generally accepted fact that children aged \<5 years were more vulnerable to respiratory viral infections, there was a common aspect with the previous finding observed in SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV) epidemics, which also had a children-sparing pattern \[[@B42][@B43][@B44]\]. Stockman *et al*. reported that the clinical outcome of SARS was more favorable in children aged \<12 years of age than in other age groups \[[@B43]\]. No deaths were reported in children with SARS-CoV infection \[[@B44]\]. In the MERS-CoV epidemic, only two pediatric deaths were reported, both of which had serious comorbidities: infantile nephrotic syndrome and cystic fibrosis \[[@B45][@B46][@B47]\].

Thus far, there is no clear explanation for the children-sparing pattern of SARS-CoV-2 infection. The following hypotheses have been reported in the literature: 1) the possibility that children are less frequently exposed to infection sources due to closure of child care facilities, preschools, and schools, 2) children are less susceptible to the infection itself, and 3) children are less likely to be symptomatic or develop severe symptoms; hence, the number of cases is underestimated \[[@B48][@B49][@B50]\]. More evidence and studies are needed to prove the hypotheses. However, recently, Bi *et al* reported the result of tracing 1,286 close contacts in China; children were as likely to be infected as adults (infection rate in children aged \<10 years: 7.4% *vs.* population average: 6.6%) but less likely to be symptomatic or develop severe symptoms \[[@B51]\].

A milder symptom or low CFR in children with SARS-CoV-2 infection could be explained by the interaction between host immunological response and viral pathogen mechanism \[[@B48][@B50]\]. As the differences in the distribution, maturation, and function of viral receptors in the host are frequently reported as a possible reason for the age-related difference in infection, angiotensin-converting enzyme 2 (ACE2), a receptor for SARS-CoV, HCoV-NL63, and SARS-CoV-2, has attracted increasing attention. ACE2 plays a key role is in catalyzing the hydrolysis of angiotensin II into angiotensin (1--7), which has an antihypertensive and profibrotic effect \[[@B52][@B53]\]. Following viral entry, ACE2 expression is downregulated \[[@B54]\]. Downregulation of ACE2 expression leads to compensatory overproduction of angiotensin II by ACE. Angiotensin II, in turn, stimulates its type 1a receptor, which increases the lung vascular permeability and potentiates lung pathology \[[@B55][@B56][@B57]\]. In a study conducted by Xie et al., ACE2 expression was observed to dramatically decrease with aging in a rat model \[[@B58]\]. Low levels of ACE2 have been detected in patients with underlying chronic conditions, which generally do not affect the pediatric population \[[@B53][@B59]\]. These findings suggest that increased levels of ACE2 receptors in lung pneumocytes in children may have a protective effect from severe clinical manifestations of SARS-CoV-2 infection \[[@B48][@B50][@B60]\].

More active and rapid innate immune response to an antigen and an elevated number of B lymphocytes, T lymphocytes, and natural killer cells are also suggested as an immunological mechanism for children to resist an infection \[[@B61][@B62][@B63]\]. However, these general immunological characteristics of children are insufficient to explain the children-sparing pattern of SARS-CoV-2, which is a distinctive feature from other respiratory viral infections.

As it is known that many children are asymptomatic or have mild symptoms, there are increasing concerns on children\'s role in transmitting disease. However, the importance of children in transmitting the virus remains uncertain. The majority of the children infected with SARS-CoV-2 reported thus far have a documented household contact, often showing symptoms before infected children, suggesting the possibility that children are not an important reservoir for SARS-CoV-2.

Another emerging children-related issue is a multisystem inflammatory syndrome mentioned in a scientific brief report published by the WHO on May 15, 2020 \[[@B64]\]. The report describes clusters of children and adolescents requiring admission to intensive care units; these children have a multisystem inflammatory condition, with some features similar to those of Kawasaki disease and toxic shock syndrome, in Europe and North America \[[@B65][@B66][@B67]\]. This syndrome has not been reported in other regions thus far, but the full spectrum of the disease is still unclear. Hence, special attention should be warranted to all children with COVID-19 \[[@B68]\].

Conclusion
==========

The CFR and susceptibility to symptomatic COVID-19 is higher in the elderly. As there is no definitive therapeutic drug or a vaccine, prevention is the only and the most important strategy for older adults; the added strain of social distancing on this vulnerable population should be acknowledged and managed. Furthermore, studies on immunopathology for determining the severity of SARS-CoV-2 infection are warranted to develop more effective therapeutic and preventive strategies.
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